AD- A  156  952  FATIGUE  CRACK  PROPAGATION  IN  MIRAGE  1110  VINO  MAIN  SPAR  1/  f 
SPECIMENS  ANO  THE . . (Ul  AERONAUTICAL  RESEARCH  LABS 
MELBOURNE  (AUSTRALIA)  J  Y  MANN  ET  AL.  JUL  84 
UNCLASSIFIED  ARL/STRUCR-405  F/Q  20/11  NL 


AD-A156  952 


AR -003-937 


DEPARTMENT  OF  DEFENCE 

defence  SCIENCE  AND  technology  organisation 
AERONAUTICAL  RESEARCH  LABORATORIES 

MBJKXJItNC,  VICTORIA 


STRUCTURES  REPORT  405 

FATIGUE  CRACK  PROPAGATION  IN  MIRAGE  IIIO  WING 
MAIN  SPAR  SPECIMENS  AND  THE  EFFECTS  OF 
SPECTRUM  TRUNCATION  ON  LIFE 

by 

J.  Y.  MANN,  R.  A.  PELL  and  A.  S.  MACHIN 


COPY 


DT!C 

EL 


APPROVED  FOR  PUBLIC  RELEASE 


COMMONWEALTH  OF  AUSTRALIA  1964 


JULY  1964 


CONDITIONS  OF  K3JAU  AN?  DISPOSAL 


1.  This  documenLis  the  prop 
it  captains  aAtbeay  <  W  < 
beyond  the  stated  disiribu 

2.  The  document  Ir.d  the  m 
with  security  /gulationsts 
instructions  rmist  be  obse/|( 
of  the  KeteaKi.-g  Authority 

3.  This  inforinatioii  may  be  t 

4.  The  oHtiej  in  possession  < 
When  np  longer  required 


is  the  property  of  the  Auk  rub  an  Govcram 
leaudSTtor  defence  pitrpdse«^dy  and  must 
;ed  distribution  withou^1  prio^  approval,  j 
»rd  the  nafo&r.aiio*  it,com;tttrs  roust  be  M 


the  i  V.i 


/stated  distributin'.  w:thou?  prior  epproval.  [  j  * 

frm  /rd  the  dafocrato;-  i^conut^n  roust  be  htf’tfUi  k  aw 
:y  /ogulations\app*yi  r  irr  the  country  of  ;  mite:. do  i 
imist  be  observed  :»u;l  c,e^rrii:f<'.io.t  is  only  wiiT  the  speed .  j 
aping  Authority  as  given  J»  *hc  Seqp:  diry  r;£;, ibutiou  t:uL 
fatio.i  may  be  Object  to/privatdy  tbvned  r'ntts.  ! 


E  this  document  is  nXpt 
Sis  dacitnem  should  N 


ble  for  «ts  safe  ./ 
PE  DLViRCJNE 


returned 

Dcfi 


i ee  Information  Servl 
/Australia. 


Branch,  Campbell  Park,  Canberra, 


AR-003-937 


DEPARTMENT  OF  DEFENCE 

DEFENCE  SCIENCE  AND  TECHNOLOGY  ORGANISATION 
AERONAUTICAL  RESEARCH  LABORATORIES 

STRUCTURES  REPORT  405 


FATIGUE  CRACK  PROPAGATION  IN  MIRAGE  IIIO  WING 
MAIN  SPAR  SPECIMENS  AND  THE  EFFECTS  OF 
SPECTRUM  TRUNCATION  ON  LIFE 

by 

J.  Y.  MANN,  R.  A.  PELL  and  A.  S.  MACHIN 


SUMMARY 

'  As  part  of  an  investigation  into  the  life  extension  and  safe  operation  of  the  wings 
of  the  Mirage  IllOhurcraft,  a  fatigue  testing  program  and  extensive  fractographic  examina¬ 
tion  was  undertaken  on  specimens  representing  the  critical  section  of  the  spar  to  assess 
the  effects  of  truncating  the  maximum  positive  loads  of  the  spectrum  and  provide  infor¬ 
mation  relating  to  fatigue  crack  propagation  rates. 

Under  the  fighter-type  load  spectrum  adopted ,  truncation  of  the  maximum  load  from 
+  7j5g  to  +6;fi g  or  to  +5 g  did  not  result  in  an  increase  in  fatigue  life,  presumably 
because  of  the  loss  of  the  crack  retardation  potential  of  this  rarely  occurring  high  positive 
load. 

A  good  linear  relationship  was  found  between  the  log.  life  and  log.  crack  depth  for 
individual  specimens.  At  the  smallest  crack  depth  used for  analysis  (O^J  mm)  no  significant 
differences  were  found  between  the  standard  deviations  of  log.  life  to  crack  ^initiatioifc.for 
propagation  or  to  final  failure,  nor  in  the  corresponding  standard  deviations  of  arithmetic 
lives. 

In  considering  the  more  general  questipn-af  whether  the  greater  contribution  Jo 
variability  in  total  life  comes  from  that  in  ^Initiation® life  or  that  in  ^propagation  life, 
cognizance  must  be  taken  of  the  analytical  basis  of  the  assessment — whether  arithmetic 
or  logarithmic.  On  a  logarithmic  basis  the  standard  deviation  of  life  to  the  formation  of  a 
crack  of  specific  depth  decreases  with  increasing  crack  depth,  whereas  on  an  arithmetic  basis 
it  increases.  The  converse  applies  in  each  case  for  the  variability  in  propagation  lives.  On  an 
arithmetic  basis  the  standard  deviation  of  the  crack  propagation  rate  increases  with  crack 
depth,  that  at  a  depth  of  5  mm  being  about  seven  times  that  at  a  depth  of  0  -5  mm.  However 
the  standard  deviation  of  log.  crack  propagation  rate  is  substantially  constant  irrespective 
of  crack  depth.  — 

These  findings  are  of  significance  in  the  numerical  implementation  of  safe-life,  dura¬ 
bility  and  damage  tolerance  fatigue  philosophies. 
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1.  INTRODUCTION 


An  extensive  fatigue  testing  program  undertaken  at  the  Aeronautical  Research  Laboratories 
(ARL)  investigated  potential  methods  for  increasing  the  fatigue  life  of  the  wing  main  spar  of 
the  Mirage  IUO  fighter  operated  by  the  Royal  Australian  Air  Force  (RAAF).  This  research, 
which  has  been  reported  in  References  1  to  3,  led  to  the  adoption  of  interference-fit  steel  bushes 
at  bolt  holes  as  a  means  for  providing  the  required  extension  in  life. 

A  basic  criterion  of  the  life-extension  procedures  was  that  existing  fatigue  cracks  should 
be  completely  removed.  However,  the  variability  in  the  size  of  fatigue  cracks  which  developed 
throughout  the  Mirage  fleet  at  critical  bolt  holes  in  the  spar  lower  flange  was  such  as  to  preclude 
some  spars  from  being  effectively  refurbished  by  the  installation  of  bushes.  Furthermore,  because 
of  the  large  fatigue  cracks  which  had  developed  in  ie  spars  of  some  aircraft,  consideration  was 
given  to  imposing  flight  loading  limits  for  particular  aircraft  to  reduce  the  risk  of  in-flight  structural 
failure — in  effect,  to  truncate  the  maximum  positive  load  levels  in  the  loading  spectrum. 

In  view  of  the  findings  (Refs  4-6)  that  the  omission  or  truncation  of  rarely-occurring  high 
loads  can  result  in  lower  fatigue  lives  by  reducing  crack  retardation  effects,  a  series  of  fatigue 
tests  was  undertaken  to  explore  the  implications  of  truncating  the  maximum  positive  load  levels 
of  the  previously  used  loading  spectrum.  The  results  of  this  investigation,  together  with  those  of 
constant-amplitude  tests  to  provide  basic  information  for  life-estimation  purposes,  are  presented 
in  this  report.  Fractographic  crack  propagation  studies  also  provided  a  considerable  amount 
of  information  on  variations  in  fatigue  crack  initiation  and  propagation  lives  and  in  crack 
propagation  rates. 


2.  TESTING  PROGRAM 

2.1  Material  and  Test  Specfaneas 

The  wing  main  spar  of  the  Mirage  III  is  a  large  forging  in  aluminium  alloy  to  the  French 
Specification  A-U4SG  (equivalent  to  the  American  alloy  2014  covered  by  Specification 
QQ-A-255a).  For  this  investigation  four  batches  of  A7-U4SG  aluminium  alloy  plate  (equivalent 
to  a  later  version  of  2014 — namely  2214)  of  thickness  between  46  and  55  mm  were  used  for  the 
manufacture  of  fatigue  specimens.  These  were  given  the  ARL  serial  coding  GK,  GN,  GT 
and  GZ. 

Fatigue  test  specimens  (Fig.  1)  were  designed  to  represent  the  spar  flange  at  the  critical 
inboard  section.*  The  specimens  were  oriented  with  their  longitudinal  axes  parallel  to  the 
rolling  direction  of  the  plate.  Details  of  the  cutting  plans  are  given  in  Reference  3.  Because  of 
production  differences  between  Mirage  III  wings  manufactured  in  Australia  and  overseas  the 
detail  at  the  Single  Leg  Anchor  Nut  (SLAN)  incorporated  three  different  rivet  systems  for 
attaching  the  nut  to  the  specimen. 


*  The  8  mm  and  10  mm  bolts  connecting  the  skin  plate  to  the  “spar”  section  were  torqued  to 
7-9  and  19*2  Nm  respectively. 


(i)  2*5  mm  diameter  countersunk-head  A-U4G  aluminium  alloy  rivetsf  inserted  from  the 
skin  (date  surface  of  the  spar  and  with  their  tails  peened  against  the  cage  of  the  nut; 

(ii)  3*0  mm  diameter  countersunk-head  A-U4G  rivetsf  installed  as  for  (i);  and 

(iii)  0*125  inch  diameter  universal  head  2117  aluminium  alloy  rivets  inserted  from  the 
“inner”  surface  of  the  spar  flange,  i.e.  with  their  heads  against  the  leg  of  the  anchor  nut 
and  tails  peened  into  the  countersunks  at  the  skin  plate  surface  of  the  flange.  This 
was  the  SLAN  rivet  arrangement  in  Australian-made  wings.  About  75%  of  the  speci¬ 
mens  used  in  this  investigation  were  of  this  type. 


Overall,  the  investigation  involved  the  fatigue  testing  of  68  specimens.  Tensile  test  speci¬ 
mens  and  compact  tension  fracture  toughness  specimens  were  manufactured  from  a  sample  of 
broken  fatigue  specimens  of  each  plate.  The  results  of  these  tests,  together  with  the  chemical 
compositions  of  the  plates,  are  given  in  Table  1. 


12  FHght-by-FVgbt  Loading  Sequences 

The  basic  fatigue  load  spectrum  adopted  for  this  investigation  (Type  1— Fig.  2)  was  a 
simplified  version  of  that  used  for  the  full-scale  fatigue  test  on  a  Mirage  III  structure  at  the  F+W 
Emmen,  Switzerland.  It  was  transformed  into  a  100-flight  load  sequence  consisting  of  four 
different  flight  types  (A1,  A,  B  and  C)  as  illustrated  in  Fig.  3.  Cycles  of  -1-6*5 g/ — 1  *5  g  and 
+7*5  g/— 2*5  g  (a  total  of  39  cycles  in  100  flights)  were  applied  at  a  cyclic  frequency  of  1  Hz, 
whereas  the  remaining  1950  cycles  per  100  flights  were  at  3  Hz.  Table  2  gives  the  total  numbers 
of  cycles  of  each  load  range  in  a  100-flight  sequence. 

The  first  modification  to  the  load  spectrum  was  to  reduce  the  severity  of  the  negative  part 
so  that  it  corresponded  more  closely  to  the  then  current  usage  pattern  of  RAAF  Mirage  I1IO 
aircraft.  This  modification  (designated  the  Type  II  spectrum  and  characterized  in  Fig.  2  and 
Table  2)  was  not  expected  to  provide  any  significant  increase  in  life  (Refs  6-8).  Types  III  and  IV 
spectra  retained  the  negative  part  of  the  Type  II  spectrum  but  truncated  the  maximum  positive 
load  to  +6*5  g  and  +5  g  respectively.  Details  are  given  in  Fig.  2  and  Table  2. 


13  Fatigue  Tests  and  Resalts 

All  fatigue  tests  were  carried  out  in  a  Tinius-Olsen  servo-controlled  electro-hydraulic 
fatigue  machine,  using  sine  wave  loading.  Loads  on  the  test  specimen  were  based  on  the  assump¬ 
tion  that  +7*5  g  corresponded  to  a  gross  area  stress  (not  intruding  the  skin  plate)  of  180  MPa 
at  the  SLAN  section  and  that  there  was  a  linear  stress/g  relationship,  i.e.  the  1  g  gross  area 
stress  was  24  MPa.  At  7*5  g  the  testing  machine  load  was  nominally  404  kN. 

Constant-amplitude  fatigue  tests  were  made  at  each  of  the  five  cyclic  load  ranges  which 
formed  the  basis  for  the  Type  I  loading  sequence,  i.e.  +7*5  to  — 2*5g,  +6  5  to  —  l*5g,  +5 
to  0  g,  +4  to  +0*  5  g  and  +3  to  + 1  g.  For  each  range  the  cyclic  frequency  was  the  same  as  for 
the  flight-by-flight  tests.  These  tests  involved  17  specimens  incorporating  2117  aluminium  alloy 
SLAN  rivets.  The  test  results  are  listed  individually  in  Table  3,  and  plotted  on  the  S-N  diagram — 
Fig.  4.  A  second  order  polynomial  expression  was  fitted  to  the  data  to  derive  the  average  S-N 
curve. 

The  100-flight  flight-by-flight  load  sequence  was  achieved  using  an  EMR  Model  1641 
programmable  function  generator  controlled  by  a  punched  tape.  Fatigue  tests  under  the  basic 
spectrum  (Type  I)  were  performed  using  specimens  of  each  of  the  three  SLAN  rivet  systems  and 
involved  six,  eleven  and  fourteen  specimens  with  2-5  mm  A-U4G,  3  0  mm  A-U4G  and  0- 125  inch 
21 17  rivets  respectively.  The  results  of  these  tests  are  listed  in  Table  4.  However,  all  of  the  tests 
involving  Spectra  Types  II,  III  and  IV  were  performed  using  specimens  with  2117  SLAN  rivets. 


t  The  A-U40  rivets  were  inserted  in  the  solution-treated  condition.  Specimens  incorporating 
such  rivets  were  not  fatigue  tested  until  at  least  four  days  after  rivet  insertion  to  allow  full  preci¬ 
pitation  hardening  to  occur. 
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Firstly,  fatigue  tests  to  complete  fracture  were  carried  out  under  each  of  these  three  spectra  (four 
specimens  in  each  case).  These  were  followed  by  partial  fatigue  testing  under  Spectrum  Type  II 
until  the  development  of  cracks  of  nominated  lengths  in  the  bore  of  hole  (1),  after  which  speci¬ 
mens  were  fatigue  tested  to  fracture  under  either  Spectra  Types  111  or  IV  *  Fatigue  tests  under 
Spectra  Types  11,  111  and  IV  involved  a  total  of  20  specimens.  The  results  are  listed  in  Table  5. 


2.4  Crack  Propagation  Measurements 

Macrophotographs  of  the  fracture  surfaces  of  specimens  taken  from  each  of  the  four  batches 
of  material  are  shown  in  Fig.  5.  The  fatigue  fractures  developed  from  multiple  origins,  predomi¬ 
nantly  at  the  bore  of  the  bolt  hole  closest  to  the  rear  face  of  the  specimens  and  nearer  to  the  “skin 
plate”  end  of  the  hole.  In  their  early  stages  the  individual  cracks  were  essentially  semi-circular 
but  they  coalesced  with  fatigue  cycling  to  form  a  common  crack  front  the  shape  of  which  is 
typified  by  the  photographs  in  Fig.  5. 

The  identification  of  the  regular  fractographic  markings  associated  with  the  once-per- 
hundred-flights  +7-5  g  load  and  the  adjoining  +6  5  g  loads  in  the  Types  I  and  11  spectra 
enabled  this  feature  of  the  fracture  surface  (Fig.  6)  to  be  used  to  measure  cracks  which  developed 
from  the  rear  side  of  the  8  mm  SLAN  bolt  hole.  Unfortunately,  the  absence  of  such  a  feature 
on  the  fracture  surfaces  of  specimens  tested  under  the  spectra  with  positive  load  truncation 
(Types  III  and  IV)  negated  attempts  to  measure  crack  growth  in  these  cases  and  determine 
whether  the  change  in  spectrum  significantly  altered  fatigue  crack  initiation  lives  and  crack 
propagation  rates.  However,  by  fractographic  examination  it  was  possible,  in  some  cases,  to 
measure  the  maximum  crack  depth  at  which  the  transition  from  Spectrum  II  to  Spectrum  III 
or  IV  had  occurred.  For  specimen  GZ2A4  (Type  II  to  Type  III)  it  was  1  02  mm,  while  for  the 
four  specimens  involving  Type  II  to  Type  IV  they  were  3-54 mm  (GT1L),  0-81  mm  (GZ2A9), 
2-27  mm  (GZ2B7)  and  2- 12  mm  (GZ2C10). 

For  about  half  the  specimens  incorporating  2  5  mm  and  3  0  mm  A-U4G  SLAN  rivets 
(which  were  tested  under  the  Type  I  spectrum  only)  crack  growth  was  determined  using  x  25 
magnification  macrophotographs  of  the  fracture  surfaces,  supplemented  by  observations  of  the 
fracture  surfaces  (at  higher  magnification)  using  an  optical  microscope.  Crack  growth  measure¬ 
ments  were  made  in  a  direction  approximately  perpendicular  to  the  bore  of  the  hole  towards 
the  side  of  the  specimens.  In  four  cases  the  smallest  measureable  crack  depth  was  less  than  about 
0-3  mm,  while  the  greatest  minimum  depth  was  2-15  mm.  Figures  7  and  8  show  the  crack 
growth  characteristics  of  some  of  the  specimens  incorporating  2-  5  mm  and  3  mm  SLAN  rivets. 

A  much  more  extensive  fractographic  study  was  made  of  the  13  specimens  incorporating 
0- 125  inch  SLAN  rivets  which  were  tested  under  the  Type  I  spectrum.  This  included  the  use  of 
macrophotographs,  an  optical  stereo  microscope  and  a  metallographic  microscope.  Details  of 
the  techniques  employed  are  given  in  Appendix  I.  In  two  cases  (specimens  GZ3AI0  and 
GKIEI0)  crack  growth  measurements  were  obtained  at  distances  of  less  than  0-1  mm  from  the 
hole  and  in  ten  cases  at  less  than  0-3  mm.  The  incremental  crack  growth  data  obtained  using 
the  three  techniques  was  combined  to  provide  the  series  of  plots  of  fatigue  life  versus  crack  depth 
illustrated  in  Fig.  9(a). 

Crack  growth  data  for  three  specimens  tested  under  Spectrum  li  are  shown  in  Fig.  10. 
In  these  cases  the  minimum  crack  depths  at  which  measurements  could  be  taken  were  0  -07, 
0- 14  and  0-22  mm  respectively. 


*  Specimens  subsequently  tested  under  Spectrum  IV  had  larger  cracks  than  those  subsequently 
tested  under  Spectrum  HI. 
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3.  DISCUSSION 


3.1  Lim  to  Failarc 

Table  6  summarizes  the  fatigue  test  results  under  the  four  loading  spectra.  The  general 
pattern  of  a  greater  indicated  mean  life  for  Spectrum  II  compared  with  Spectrum  I  (because  of  a 
reduction  in  the  overall  fatigue  range),  and  a  reduced  mean  life  under  Spectra  III  and  IV  com¬ 
pared  with  Spectrum  II  (because  of  a  removal  of  potential  crack  retardation  effects  associated 
with  the  +7-5  g  load)  is  what  might  have  been  expected.  However,  statistical  comparisons  of 
the  average  fatigue  lives  to  failure  (based  on  a  level  of  significance  of  5%)  for  specimens  incor¬ 
porating  0- 125  inch  SLAN  rivets  indicate  that  there  are  no  significant  differences  between  the 
lives  under  Spectra  I  and  II  (lines  (3)  and  (4)),  between  It  and  III  (lines  (4)  and  (5)),  between  II 
and  IV  (lines  (4)  and  (6))  and  between  III  and  IV  (lines  (5)  an d  (6)).  The  total  lives  to  failure 
of  specimens  pre-cracked  under  Spectrum  II  and  then  tested  to  failure  under  either  Spectra  III 
or  IV  (lines  (7 a)  and  (8a))  are  also  not  significantly  different  to  that  under  Spectrum  II  alone 
(line  (5)).  It  should  be  noted  however  that,  except  for  the  tests  under  Spectrum  I,  the  sample 
size  in  each  case  was  relatively  small  (three  or  four  specimens)  and  that  the  significance  of 
differences  in  the  mean  lives  is  sensitive  to  the  numerical  values  of  the  standard  deviations  in  life 
of  the  respective  samples.  Thus,  on  this  experimental  evidence,  the  strongest  conclusion  is  that 
truncation  of  the  maximum  positive  load  to  either  +6-5  g  or  +5  g  provides  no  increase  in  life 
compared  with  that  under  the  untruncated  spectrum. 

Estimates  of  the  lives  to  failure  (based  on  the  simple  Miner  linear  cumulative  damage 
hypothesis)  under  the  various  spectra  are  given  in  Table  7.  Although  this  approach  might  pro¬ 
vide  a  useful  method  for  estimating  the  lives  under  the  untruncated  positive  load  spectra  actually 
used,  it  dearly  overestimates  the  lives  under  the  truncated  spectra,  presumably  because  it  does 
not  compensate  for  the  potential  loss  of  the  crack  retardation  effects  assodated  with  the  +7  -5  g 
loads. 


32  Crack  Propagation  Data 

The  individual  data  points  in  Fig.  9(a)  for  spedmens  incorporating  0-125  inch  SLAN  rivets 
which  were  tested  under  the  Type  I  Spectrum  formed  the  basis  for  the  curves  shown  in 
Fig.  9(b).  These  were  constructed  by  joining  adjacent  data  points  with  straight  lines.  A  compari¬ 
son  of  the  crack  growth  data  for  these  specimens  and  those  incorporating  2-5  ram  or  3  mm 
SLAN  rivets  (Figs  7(b)  and  8(b))  indicates  very  little  overall  difference  in  the  general  crack 
propagation  behaviour  of  the  three  types  of  specimen.  The  crack  growth  characteristics  of  speci¬ 
mens  tested  under  Spectrum  II  are  similar  to  those  tested  under  Spectrum  I  except  perhaps  for 
cracks  of  less  than  about  1  mm  in  depth.  It  is  clear,  however,  that  the  individual  spedmens 
exhibit  marked  differences  in  crack  growth  characteristics  at  small  crack  depths.  Because  of 
the  lack  of  experimental  evidence  relating  to  the  development  of  cracks  up  to  the  minimum  sizes 
indicated  in  Figs  7  to  10,  in  no  case  was  any  attempt  made  to  extrapolate  the  curves  back  to  zero 
crack  depth. 

A  further  analysis  of  the  basic  data  for  spedmens  tested  under  Spectrum  I  was  made  to 
explore  possible  relationships  between  flights  and  crack  depth,  i.e.  linear/log.  and  log./log. 
The  first  relationship  was  that  assumed  by  Grandage  and  Sparrow  (Ref.  9)  for  their  interpre¬ 
tation  of  fatigue  cracking  in  the  wing  main  spars  of  RAAF  Mirage  aircraft,  while  the  second 
had  been  used  in  the  preliminary  analysis  of  some  of  the  current  data.  Figure  9(c)  shows  the 
curves  for  the  0- 125  inch  SLAN  rivet  spedmens  using  linear/log.  coordinates;  while  Figs  7(c), 
8(c)  and  9(d)  show  the  curves  for  the  2  -  5  mm,  3  -  0  mm  and  0-125  inch  rivet  spedmens  respectively 
using  log./log.  coordinates.  Figures  1 1(a)  to  1 1(d)  group  the  data  for  the  0- 125  inch  SLAN  rivet 
spedmens  from  Fig.  9(d)  according  to  the  four  batches  of  material.  These  curves  do  not  indicate 
a  strong  linear  correlation  between  life  and  log.  crack  depth,  but  the  data  for  the  13  individual 
spedmens  (Table  8)  indicate  a  very  good  linear  correlation  between  log.  life  and  log.  crack  depth 
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in  every  case.  However,  when  ail  the  1'  sets  of  data  are  pooled  the  overall  goodness  of  fit  for  a 
single  straight  line  relationship  deteriorates  considerably.  Figures  7(6),  8(6)  and  9(6)  also  show 
the  crack  growth  curve  (taken  from  Reference  10)  for  a  Mirage  spar  which  failed  during  a  full- 
scale  fatigue  test  at  the  F+ W,  Emmen,  Switzerland  using  a  loading  spectrum  similar  to  Spectrum  I 
These  data  are  in  good  agreement  with  the  results  of  the  present  investigation. 

The  correct  interpretation  of  variability  in  fatigue  parameters  is  essential  in  the  implemen¬ 
tation  of  safe-life,  durability  and  damage  tolerance  fatigue  philosophies;  and  the  information 
available  from  this  investigation — particularly  that  obtained  from  specimens  tested  under 
Spectrum  1 — provides  a  comprehensive  set  of  relevant  data  on  fatigue  crack  behaviour  in  thick 
sections.  Also  of  importance  (from  a  more  general  viewpoint)  is  that  the  specimens  were  taken 
from  several  different  batches  of  material — a  situation  which  would  occur  in  the  manufacture 
of  a  fleet  of  aircraft. 

Specimens  incorporating  0- 125  inch  SLAN  rivets  furnished  the  largest  sample  on  which 
detailed  crack  propagation  data  were  obtained.  Analyses  of  these  data  were  made  on  the  basis 
of  the  variability  in  crack  depths  at  specified  lives,  and  the  variability  in  lives  at  specified  crack 
depths. 

Crack  depth  data  at  lives  of  3742,  4442,  5342,  6242  and  7142  flights  were  plotted  on  both 
linear  and  logarithmic  probability  paper  and  are  shown  in  Fig.  12.  These  lives  covered  the  range 
from  no  failures  to  that  by  which  two  specimens  had  failed.  As  the  logarithmic  relationship  for 
crack  depth  provided  a  better  fit  for  the  data  (and  furthermore  the  arithmetic  analysis  indicated 
crack  depths  of  less  than  zero  at  —1  standard  deviation)  a  more  detailed  analysis  of  the  data 
was  made  on  a  “logarithmic”  basis  and  the  results  are  summarized  in  Table  9.  The  numerical 
values  (particularly  those  for  3742  flights  which  was  prior  to  the  first  complete  failure)  provide 
some  indication  of  the  variability  in  crack  depth  which  could  be  expected  for  cracking  from 
fastener  holes  in  a  heavy  section  when  multiple  fatigue  crack  initiation  was  involved. 

The  view  has  been  expressed  (see  for  example  Reference  11)  that  the  crack  initiation  phase 
is  the  major  contributor  to  scatter  in  total  fatigue  lives  and  that,  under  nominally  identical  fatigue 
testing  conditions,  there  is  relatively  much  smaller  scatter  in  crack  propagation  lives.  However, 
an  analysis  of  experimental  data  made  by  Mann  (Ref.  12)  indicated  that  the  standard  deviations 
of  log.  life  for  crack  initiation,  crack  propagation  and  total  failure  may  not  be  significantly 
different.  It  is  usually  possible  to  accurately  measure  the  life  to  total  failure,  but  there  are  prac¬ 
tical  problems  in  precisely  identifying  fatigue  crack  initiation — and  hence  crack  initiation  lives 
and  crack  propagation  lives  and  their  variabilities.  Fatigue  crack  “initiation”  is  frequently 
regarded  as  that  life  corresponding  to  a  measurable  crack  of  less  than  1  mm. 

To  study  the  variability  in  fatigue  lives  associated  with  the  development  of  cracks  of  different 
depths,  linear  interpolations  of  lives  were  made  between  those  corresponding  to  the  nearest 
larger  and  smaller  crack  depths  selected  for  analysis.  The  lives  corresponding  to  nominated  crack 
depths  of  from  0  1  mm  to  5-5  mm  are  given  in  Table  10,  together  with  the  remaining  life  of  each 
specimen  after  the  development  of  cracks  of  these  depths.  However,  in  order  to  provide  a  co¬ 
herent  set  of  information  covering  crack  depths  of  from  O’ 3  mm  to  5-5  mm  only  those  data  for 
the  first  ten  specimens  listed  in  Table  10  were  used  in  the  subsequent  analysis.  For  these  speci¬ 
mens  the  “initiation"  life  (0-  3  mm  deep  crack)  as  a  portion  of  total  life  was  from  26%  to  48%, 
and  the  general  correlation  between  initiation  (as  a  portion  of  the  total  life)  and  the  total  life 
was  poor.  The  analysis  which  follows  was  done  on  the  basis  of  both  log.  normal  and  normal 
distributions  of  life. 

Table  1 1  gives  the  average  lives  to  the  development  of  cracks  of  different  depths  and  the 
propagation  lives  to  failure  from  the  specified  depths  (and  their  respective  standard  deviations), 
and  the  lives  in  each  case  corresponding  to  ±  1  standard  deviation  from  the  average.  The  data 
are  summarized  in  Figs  13  and  14.  Trends  similar  to  those  indicated  in  Figs  13  and  14(a)  have 
been  reported  by  Jost  and  Esson  (Ref.  13)  for  D6ac  steel. 

In  terms  of  numerical  values  of  lives  (whether  average  or  those  corresponding  to  ±  I  standard 
deviation),  there  is  little  difference  whether  the  data  be  analyzed  on  a  logarithmic  or  arithmetic 
basis.  However,  the  basis  for  the  analysis  becomes  an  important  consideration  when  attempting 
to  resolve  the  question  of  which  phase  of  the  fatigue  process  (crack  initiation  or  crack  propagation) 
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contributes  most  to  scatter  in  total  life.  At  the  smallest  crack  depth  of  0-3  mm  there  are  no 
significant  differences  in  the  standard  deviations  of  log.  life  for  “initiation”,  propagation  and 
final  failure,  or  for  the  corresponding  standard  deviations  of  arithmetic  lives.  Referring  to  Figs 
13  and  14  there  are  no  significant  differences  in  the  standard  deviations  of  lives  to  develop  cracks 
of  depths  from  between  0-3  and  5-5  mm  irrespective  of  whether  the  analyses  be  based  on  log¬ 
arithmic  or  arithmetic  values.  Although  there  are  no  significant  differences  in  the  standard 
deviations  of  lives  for  crack  propagation  for  crack  depths  from  0-3  mm  up  to  3-0  mm  (irre¬ 
spective  of  the  basis  for  the  analysis),  the  differences  (compared  with  the  value  at  0  -3  mm)  do 
become  significant  for  crack  depths  of  3  •  5  mm  and  greater.  Similarly,  there  are  no  significant 
differences  between  the  standard  deviations  of  lives  to  initiate  a  crack  of  0-3  mm  and  those  to 
develop  it  to  failure  for  crack  depths  of  up  to  2-0  mm.  The  differences  become  significant  (on 
an  arithmetic  basis)  at  2-5  mm  and  at  4  mm  on  a  logarithmic  basis. 

However,  Figs  14  (a)  and  14  (6)  indicate  that,  depending  on  the  basis  of  the  analysis,  two 
completely  different  conclusions  could  be  arrived  at  for  the  changes  in  variability  between  the 
lives  to  the  “initiation”  and  those  for  the  “propagation”  of  cracks  from  a  specified  depth,  e.g. 
for  propagation  the  standard  deviation  of  log.  life  increases  with  crack  depth  whereas  the  arith¬ 
metic  standard  deviation  decreases.  Furthermore,  at  crack  depths  of  less  than  0-3  mm  (i.e. 
extrapolating  back  to  a  true  “initiation”)  the  trends  of  the  data  reproduced  in  Fig.  14(a)  suggest 
that  the  s.d.  of  log.  life  to  initiation  may  be  significantly  greater  than  that  for  propagation, 
whereas  from  the  arithmetic  analysis  (Fig.  14(h))  the  reverse  appears  to  be  the  case.  This  finding 
should  be  recognized  in  the  assessment  of  the  contribution  to  the  variability  in  total  life  made  by 
the  two  major  phases  of  the  fatigue  process.  Thus,  from  the  viewpoint  of  the  life  to  propagate 
a  crack  from  a  small  nominated  depth — for  example  0-5mm  (0-020inch)  or  1-25  mm 
(0-050  inch)  which  have  particular  significance  in  fail-safe  and  damage  tolerance  analysis — 
the  assignment  of  a  “safety  factor”  on  crack  propagation  life  could  be  markedly  dependent  on 
both  the  base  used  for  the  analyses  of  variability  and  the  nominated  initial  crack  size. 

The  fractographic  data  also  allowed  the  determination  of  crack  growth  rates  at  nominated 
crack  depths.  These  were  derived  from  the  data  for  the  measured  crack  growth  increments  at 
measured  crack  depths.  Third  order  polynomial  curves  were  fitted  to  the  data  for  each  individual 
specimen  and  used  to  determine  the  fatigue  crack  growth  rates  at  selected  crack  depths,  the 
average  crack  growth  rates  being  shown  in  Fig.  1 5(a)  and  the  variability  in  growth  rate  in  Fig.  1 5(h). 
Because  of  the  influence  of  edge  effects,  the  uncertainties  in  being  able  to  identify  and  accurately 
measure  the  boundaries  of  the  fracture  markings  at  very  large  crack  depths  (corresponding  in 
most  cases  to  the  last  few  hundred  flights  before  failure),  and  the  potential  interactions  of  cracks 
developing  on  the  other  side  of  the  hole,  the  analysis  of  crack  growth  rates  was  limited  to  a 
maximum  crack  depth  of  about  5  -0  mm.  As  before,  the  analysis  was  confined  to  the  first  10  speci¬ 
mens  in  Table  10. 

Figure  15(a)  shows  that  the  crack  growth  rate  increases  with  increasing  crack  depth.  The 
relationship  between  these  two  variables  can  be  described  by  a  power  function  of  the  form 
y  =  ax"  +  c.*  From  Fig.  1 5(h)  it  may  be  seen  that,  on  an  arithmetic  basis,  the  variability  in 
crack  growth  rate  increases  with  increasing  crack  depth.  Compared  with  the  standard  deviation 
of  crack  growth  rate  at  0  5  mm  crack  depth  the  standard  deviations  are  significantly  greater  for 
cracks  having  depths  of  1  •  5  mm  and  more.  However,  on  a  logarithmic  basis  the  variability  in 
crack  growth  rate  is  substantially  constant,  irrespective  of  crack  depth.  This  follows  from  the 
properties  of  a  power  function.*  It  is  uncertain  whether  the  inflections  in  the  two  curves  shown  in 
Fig.  15(h)  at  small  crack  depths  are  a  real  effect  or  simply  associated  with  limitations  in  the 
accuracy  with  which  fractographic  measurements  could  be  made  at  such  small  crack  depths. 


*  If  ‘a’  is  the  random  variable  and  ‘h’  and  V  are  constants  then  this  equation  may  be  transformed 
to: 


and 


O'— c)  =  axb 


log  (y—c)  =  log  a  +  h  log  x. 


6 


I  I  ' 


4.  CONCLUSIONS 

1.  Under  the  load  spectrum  adopted  for  this  investigation  truncation  of  the  maximum  load  from 
+ 7  •  5  g  to  +6  5  g  or  to  +5  g  did  not  result  in  an  increase  in  fatigue  life,  presumably  because 
of  the  loss  of  the  crack  retardation  potential  of  this  rarely  occurring  high  positive  load. 

2.  A  good  linear  relationship  was  found  between  life  and  crack  depth  for  individual  specimens 
when  using  log-log.  coordinates. 

3.  At  the  smallest  crack  depth  used  for  analysis  (O' 3  mm)  there  are  no  significant  differences  in 
the  standard  deviations  of  log.  life  to  crack  “initiation”,  for  propagation  and  to  final  failure, 
nor  in  the  corresponding  standard  deviations  of  arithmetic  lives. 

4.  In  considering  the  general  question  of  whether  the  greater  contribution  to  variability  in  total 
life  comes  from  that  in  “initiation”  life  or  that  in  “propagation”  life,  cognizance  must  be 
taken  of  the  analytical  basis  for  the  assessment— whether  arithmetic  or  logarithmic. 

5.  On  a  logarithmic  basis  the  standard  deviation  of  life  to  crack  “initiation”  decreases  with 
increasing  crack  depth,  whereas  on  an  arithmetic  basis  it  increases.  The  converse  applies  in 
each  case  for  the  variability  in  propagation  lives. 

6.  On  an  arithmetic  basis  the  standard  deviation  of  the  crack  propagation  rate  increases  with 
crack  depth,  that  at  a  depth  of  5  mm  being  about  seven  times  that  at  a  depth  of  0-5  mm. 
However  the  standard  deviation  of  the  log.  crack  propagation  rate  is  substantially  constant 
irrespective  of  crack  depth. 

7.  The  above  findings  are  of  significance  in  the  numerical  implementation  of  safe-life,  durability 
and  damage  tolerance  fatigue  philosophies. 
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TABLE  9 

Summary  of  Crack  Depth  Data  at  Specified  Flights 


Crack  depth  (mm)  at  flight  number 

number 

3742 

4442 

5342 

6242 

7142 

i 

GZ2C12 

1  -530 

2-076 

3  312 

6-028 

1 

GN4B 

1106 

1-670 

2  563 

3-744 

6-117 

GZ2A5 

GN1D 

4-527 

0-880 

1-313 

1-876 

Specimen  failec 
2-804 

3-845 

GZ3C8 

0-722 

1116 

1-808 

2-703 

4-310 

GT2G 

0-820 

1-320 

2-164 

3-433 

5-758 

GN3B 

0-624 

0-979 

1-520 

2-210 

3-273 

GK.1EI0 

0-217 

0  450 

0-921 

1  690 

3  011 

GK1B7 

0-347 

0  540 

0-850 

1  262 

1  809 

GT3F 

0-427 

0  680 

1-188 

2  253 

4-472 

GZ3  A 10 

0-074 

0-324 

0  643 

1  030 

1-515 

GK1D9 

0-364 

0  608 

1  140 

2-007 

3-578 

GT10 

<0-301 

0-301 

0  667 

1  264 

2-324 

Log.  of  average 
depth 

-0-222  i 

-0-099 

0  136 

0-351 

0*524 

Average  depth 

(mm) 

0  600 

0  796 

1  368 

2-244 

3-345 

s.d.  of  log.  depth 

0-448  ' 

0-276 

0-230 

0-222 

0-193 

Depth  at —1  s.d.  1 

(mm) 

0  214 

0-421 

0-805 

1  347 

... 

2-143 

Depth  at  4- 1  s.d. 
(mm) 

1 

1  681 

1  504 

2  326 

j 

3-738 

5  220 

TABLE  8 


BdH— My  Between  Crack  Depths  mi  Liv 

log.  (Crack  depth)  =  A+B  log.  (Rights) 


Specimen  number 

A 

B 

GZ3A10 

-12-3357 

4-3-2404 

GKIE10 

-15-3178 

4-4-0995 

GN3B 

-10-3276 

4-2-8196 

GN4B 

-9-1624 

4-2-5701 

GK1B7 

-10-4016 

4-2-7757 

GN1D 

-8-8061 

4-2-4402 

GT2G 

-10-6309 

4-2-9454 

GZ2C12 

-7-7882 

4-2-2330 

GZ3C8 

-9-6092 

4-2-6512 

GT10 

-16-5443 

4-4-3896 

GT3F 

—13- 1463 

4-3-5640 

GK.1D9 

-13-7220 

4-3-7023 

GZ2A5 

-7-1201 

4-2-1765 

99%  Confidence! 
Interval) 


13  Pooled 
Lower  limit 
Upper  limit 


-7  0233 
-7-6703 
-6-3763 


4-1-9315 

4-1-7576 

4-2-1054 


TABLE  7 


Estimated  lives  Under  Differeat  Spectra 


Cycles  to 


Cycles  and  (damage)  per  100  nights  in 
Spectra  Types  I,  II,  III  and  IV 


(0  000240) 


_ 

I 

_ 1 

_ 

j  (0  000235) 

- 1 - 1 - 

8 

7  858 

38 

(0- 004836) 

| 

i 

6-85 

14185 

- 

38 

(0- 002679) 

39 

|  (0- 002749) 

i 

i . 

5 

' 

51940 

400 

(0  007701) 

— 

— 

— 

4-45 

1 

82981 

1 

II 

400 

(0  004820) 

400 

(0  004820) 

439 

|  (0  005290) 

i 

3-5  ' 

1 

203  798 

450 

(0  002208) 

— 

— 

3-25 

263057 

— 

450 

(0  001711) 

1 

450 

(0  001711) 

450 

(0  001711) 

2 

1  059  986 

1100 

(0  001038) 

1100 

(0  001038) 

1100 

(0  001038)  J 

1100 

(0- 001038) 

i 

Total  damage  per  100  flights 

0  016023 

0  010483 

0  010318  ! 

0  008039 

Estimated  life  (flights) 

1 

6241 

9540 

9692 

12  440 

Actual  life  (flights) 

8213 

1 

10  353 

: 

7612 

i 

7665 

Ratio  Actual/Estimated 


1  -32 


109 


0-79 


0  62 


TABLE  6 


S— my  of  Fatten  Teat  Renits 


Table  SLAN  Spectrum 
rivets  type 


(1) 

4(a) 

2-5  mm 

I 

Control 

(2) 

m 

3  mm 

I 

Control 

(3) 

4(c) 

0-125  inch 

I 

Control 

(4) 

5(a) 

0-125  inch 

II 

Negative  spectrum 
changed 

(5) 

5 {b) 

0-125  inch 

III 

Positive  spectrum 
trunc.  +6-5  g 

(6) 

5(c) 

0- 125  inch 

IV 

Positive  spectrum 
trunc.  -f  5  g 

(7a) 

5 (d) 

. 

0  - 125  inch 

Il/III 

Total  life 

Ob) 

5 id) 

0  1 25  inch 

II/III 

After  truncation 

(8a) 

5(c) 

0  125  inch 

II/IV 

Total  life 

(86) 

5(c) 

0-125  inch 

II/IV 

After  truncation 

Log. 

average 

life 

(flights) 

s.d. 

log. 

life 

7309 

0  055 

6852 

0-117 

8213 

0-085 

9471 

0-047 

7092 

0  069 

7945 

0-011 

9832 

0-130 

4774 

m 

7535 

0-085 

2555 

0-130 

(4)/(3) 
=  115 


(5)/(4) 
=  0-75 


(6)/(4) 
=  0-84 


(7fl)/( 4) 
=  104 


(8fl)/(4) 
=  0-80 


For  specimens  which  failed  through  SLAN  section. 


TABLE  S(e) 

Spedraraa  Cracked  Under  Spiiti—  Type  IL,  The*  Type  IV  to  Feiiore 


Specimen 

number 

Flights 
under 
Type  II 
spectrum 

Crack 

length 

(mm) 

Flights 
under 
Type  IV 
spectrum 

Total 

flights 

to 

failure 

Failing 

load 

(kN) 

Failure  details 

GT1L 

5400 

9-5 

2142 

7542 

271 

Large  crack  rear  side  hole 
(1).  Crack  forward  side 
hole  (1).  Small  cracks  both 
sides  of  holes  (2)  and  (3) 

GZ2A9 

10-5 

3931 

9931 

271 

Large  cracks  both  sides 
hole(l).  Small  cracks  both 
sides  of  holes  (2)  and  (3) 

GZ2B7 

4100 

11 

2475 

6575 

271 

Same  as  GZ2A9 

GZ2C10 

4500 

11 

2046 

6546 

271 

Same  as  GZ2A9 

TABLE  5(e) 


Spectral  Type  IV:  Negative  Severity  ReteceA,  Perth*  Tnacated  to  +5  g 


Specimen 

number 

Flights  to 
failure 

Failing 
load  (kN) 

Failure  details 

GN30 

6883 

269 

Failed  through  hole  (8)* 

GTIP 

7715 

263 

Large  cracks  both  sides  hole  (1).  Minor  cracking  holes 
(2)  and  (3) 

GZ3A8 

8042 

269 

Large  crack  rear  side  hole  (1).  Crack  forward  side  hole  (1) 

GZ2D10 

8083 

269 

Large  crack  rear  side  hole  (1).  Crack  forward  side  hole  (1). 
Small  cracks  both  sides  of  holes  (2)  and  (3) 

*  Not  used  in  any  statistical  comparisons  of  fatigue  lives  because  of  failure  locations 


TABLE  5(4) 

Specimen  Cracked  Under  Spectral  Type  Q.  The*  Type  III  to  Faihre 


Specimen 

number 

Flights 
under 
Type  II 
spectrum 

Crack 

length 

(mm) 

Flights 
under 
Type  III 
spectrum 

Total 

flights 

to 

failure 

Failing 

load 

(kN) 

Failure  details 

GT1D 

6000 

7 

6242 

12  242 

325 

Large  cracks  both  sides 
hole  (1).  Small  cracks 
forward  of  holes  (2)  and  (3) 

GZ2B3 

5000 

6 

6115 

11  115 

323 

Large  crack  rear  side  hole 
(1).  Crack  forward  side 
hole  (1).  Small  cracks  both 
sides  of  holes  (2)  and  (3) 

GZ2C2 

5000 

6 

5870 

10  870 

329 

Large  cracks  both  sides 
hole  (1).  Cracks  forward 
sides  of  holes  (2)  and  (3) 

GZ2A4 

4000 

7-5 

2319 

6  319 

325 

Cracks  both  sides  hole  (1). 
Small  cracks  both  sides 
holes  (2)  and  (3) 

TABLE  5(a) 


Spcctr—  Type  D:  Negative  Severity  Reduced 


Specimen 

number 

Flights  to 
failure 

Failing 
load  (kN) 

Failure  details 

GN3G 

13  523 

337 

Failed  through  hole  (8)* 

GTIF 

9346 

337 

Large  cracks  both  sides  of  hole  (1) 

GZ3C6 

10  615 

345 

Large  crack  rear  side  hole  (1).  Crack  forward  side  hole  (1). 
Small  cracks  both  sides  of  holes  (2)  and  (3) 

GZ2D1 

8562 

325 

Same  as  GZ3C6 

*  Not  used  in  any  statistical  comparisons  of  fatigue  lives  because  of  failure  location. 


TABLE  5(b) 

Spectrum  Type  III:  Negative  Severity  Reduced,  Positive  Tnmcated  to  f6  5g 


Specimen 

number 

Flights  to 
failure 

Failing 
load  (kN) 

Failure  details 

GN3P 

9415 

344 

Failed  through  hole  (8)* 

GT1B 

6175 

318 

Large  cracks  both  sides  hole  (1).  Minor  cracking  holes 
(2)  and  (3) 

GZ3C3 

8442 

346 

Large  crack  rear  side  hole  (1).  Crack  forward  side  hole  (1). 
Cracks  both  sides  holes  (2)  and  (3) 

GZ2C7 

6842 

343 

Same  as  GZ3C3 

*  Not  used  in  any  statistical  comparisons  of  fatigue  lives  because  of  failure  location. 


Spttinm  Type  1: 


TABLE  4(c) 

with  0- 125  tack  Diameter  2117  SLAN  Rivets 


Specimen 

number 

Flights  to 
failure 

Failing 

load(kN) 

Failure  details 

GK1B7 

9362 

300 

Large  crack  rear  side  hole  (1),  crack  forward  side  hole  (1), 
small  cracks  at  hole  (2).  See  Fig.  5 (a) 

GK1D9 

8642 

348 

Same  as  GK.1B7  plus  small  crack  at  hole  (3) 

GK1E10 

8S42 

403 

Same  as  GK1B7 

GN1D 

9042 

392 

Same  as  GK1B7  plus  small  cracks  at  hole  (3).  See  Fig.  5 (b) 

GN2R 

15  442* 

380 

Failed  through  hole  (8) 

GN3B 

8542 

397 

Large  crack  rear  side  hole  (I),  crack  forward  side  hole  (1), 
small  cracks  at  holes  (2)  and  (3) 

GN4B 

7742 

374 

Same  as  GN3B,  except  no  cracks  at  hole  (3) 

GTIO 

9240 

340 

Same  as  GN3B 

GT3F 

7642 

384 

Same  as  GN3B 

GT2G 

7648 

346 

Same  as  GN4B.  See  Fig.  5(c) 

GZ3AI0 

II  861 

344 

Same  as  GN3B 

GZ3C8 

8323 

344 

Same  as  GN4B.  See  Fig.  5 (d) 

GZ2A5 

5058 

268 

Same  as  GN4B 

GZ2CI2 

6940 

319 

Same  as  GN4B 

*  Not  used  in  any  statistical  comparisons  of  fatigue  lives  because  of  failure  location. 


I 


TABLE  4(a) 


Spectra  Type  I:  Sp>da- with I  S—  Dt—rlw  A-U4G  SLAN  Bwh 


Specimen 

number 

Flights  to 
failure 

Failing 
load  (kN) 

Failure  details 

GK1A4 

6642 

Not 

recorded 

Large  crack  rear  side  hole  (1),  crack  forward  side  hole  (1), 
small  cracks  at  hole  (2) 

GK1B2 

6342 

374 

Same  as  GK.1A4 

GK1C6 

7342 

351 

Same  as  GK1A4 

GK1D6 

8742 

370 

Same  as  GK1A4  plus  small  cracks  at  hole  (3) 

GN10 

8242 

388 

Same  as  GK1A4  plus  small  cracks  at  hole  (3) 

GN2E 

6842 

394 

Same  as  GK.1A4  plus  small  cracks  at  hole  (3) 

TABLE  4(b) 

Spectrum  Type  I:  Specimens  with  3  0  mm  Diameter  A-U4G  SLAN  Rivets 


Specimen 

number 

Flights  to 
failure 

Failing 
load  (kN) 

Failure  details 

GN1P 

7742 

397 

Large  crack  rear  side  hole  (1),  crack  forward  side  hole  (1), 
cracks  at  countersink  of  hole  (2),  small  cracks  at  hole  (3) 

GN2G 

9442 

403 

Same  as  GN1P 

GN4C 

4442 

391 

Same  as  GN1P 

GN3A 

4342 

374 

Same  as  GN1P 

GN3E 

8742 

402 

Same  as  GN1P 

GN4E 

6535 

324 

Same  as  GN1P 

GT1G 

6244 

300 

Same  as  GN1P 

GZ3C10 

6842 

403 

Same  as  GN1P 

GZ3A11 

8460 

300 

Same  as  GN1P 

GZ2B10 

9042 

241 

Same  as  GN1P 

GZ2D8 

5942 

394 

_ 

Same  as  GN1P 

TABLE  3 


Cetata  KmfHtmk  Fatigue  Tests— Spedmem  with  0  125  tack  2117  SLAN  Rivets 


Specimen 

No. 

Loading 

conditions 

Cycles  to 
failure 

Failure  details 

GT1M 

GN4P 

GZ3D8 

+7-5gto  — 2-5g 
at  1  Hz 

log.  average  I 

5420 

3072 

4245 

ife  =  4135  eye 

At  SLAN  section 

At  SLAN  section 

At  SLAN  section 
les,  s.d.  log.  life  =  0- 124 

GT1A 

GN4M 

GZ3B6 

GZ2D5 

+6*5g  to  —  1  *5  g 
at  1  Hz 

♦log.  average 

6450 

8981 

9410 

6666 

life  =  8000  q 

At  SLAN  section 

At  SLAN  section 

At  bolt  hole  (9) 

At  SLAN  section 

I'des,  s.d.  log.  life  =  0  087 

i 

GT1E 

GN4L 

GZ3C4 

+5-0gto0g 
at  3  Hz 

log.  average  lil 

56,870 

53,470 

57,360 

1 

fe  =  55,875  cyi 

1 

At  SLAN  section 

At  SLAN  section 

At  SLAN  section 

des,  s.d.  log.  life  =  0-017 

GT1J 

GN40 

GZ3B4 

GZ2B12 

+4  0  g  to  +0-5  g 
at  3  Hz 

*log.  average  life 

222,350 
130,160 
163,560 
138,080 
=  181,105  cy< 

At  bolt  hole  (8) 

At  SLAN  section 

At  SLAN  section 

At  bolt  hole  (8) 
des,  s.d.  log.  life  =0-111 

GT1R 

GN4J 

GZ3B12 

+3  0g  to  +  l-0g 
at  3  Hz 

log.  average  life 

839,530 

1,260,980 

I  1,340,080 
=  1,123,635  c 

At  bolt  hole  (8) 

At  bolt  hole  (9) 

Origin  surface  fretting  near  SLAN  section 
ycles,  s.d.  log.  life  =0-110 

*  Using  Hald  analysis,  assuming  failures  at  holes  (8)  and  (9)  represented  “run-outs”  at  SLAN 
section. 


TABLE  2 
Spectrum  Types 


I 


TABLE  1 

Properties  of  Test  Material 


(a)  Chemical  composition 


Plate  batch  serial  no. 

‘Specification 

GK 

GN 

GT 

GZ 

A7-U4SG  (2214)  (%) 

Cu  3-9-5  0 

4-56 

4-40 

4-26 

4-43 

Mg  0-2-0-8 

0-38 

0-33 

0-36 

Mn  0-4-1  2 

0-62 

0-60 

0-66 

0-62 

Fe  0  -30  max. 

0-24 

0-24 

0-14 

0-19 

Si  0-5-1  -2 

0-73 

0-77 

0-73 

0-72 

Ti  0- 15  max. 

0-01 

0-02 

0-02 

0-02 

Cr  0-10  max. 

Zn  0-25  max. 

|  Not  analyzed 

(b)  Static  tensile 


Plate  batcl 

i  serial  no. 

1 

GN 

GT 

0-1%  proof  stress  (MPa) 
0-1%  proof  stress  (psi) 

— 

440-5 

63,900 

444-7 

64,500 

449-5 

65,200 

450  8 
65,400 

0-2%  proof  stress  (MPa) 

0  -2%  proof  stress  (psi) 

390 

56,600 

446-3 

64,700 

455-2 
66,000  ! 

457-9 

66,400 

Ultimate  stress  (MPa) 
Ultimate  stress  (psi) 

450 

65,300 

488-3 

70,800 

493-2 

71,500 

Elongation  (%) 

(5-65  \/A) 

5 

' 

10- 1 

12-3 

11  4 

11-5 

01%PS/Ult 

0-90 

0-90  : 

i 

1 

0-89 

(c)  Fracture  toughness 


Plate  batch  serial  no. 

1 

1 

GK 

(10  tests) 

i 

G 
(H  1 

IN 

tests) 

GT 

(5  tests) 

i  1 

!  c 

(8t 

iZ 

ests) 

val 

(341 

ues 

tests) 

Averagej 

]  1 

s.d. 

Average 

|  ! 

s.d. 

Average 

[  s.d. 

!  1 

Average 

s.d.  | 

Average 

s.d. 

MPa.mi 

,  30-3 

0-5 

33-2 

1-2 

32-4 

1 

m 

31  9 

1-5 

ksi.in1 

27-6  t 

0-4 

1  302 

i 

1*1  1 

29  5 

0-5 

29- 1 

14 

*  Conditions  de  controle  des  produits  lamines  en  alliages  d' aluminium  utilises  dans  les  constructions 
aerospatialts.  Ministers  de  la  Defense,  Direction  Technique  des  Construction  Aeronautiques 
AIR  9048,  Edition  No.  1,  26  December  1978,  p.  91. 


APPENDIX 


Fractognphic  Crack  Growth  Measuremeats 


Each  fracture  was  examined  using  three  independent  techniques : 


(i)  a  macrophotograph  at  about  x  15  magnification  to  provide  crack  growth  data  at 
relatively  large  crack  depths; 

(ii)  an  optical  stereo  microscope  with  diffuse  illumination  and  magnification  of  x  100, 
50  and  25;  and 

(iii)  a  metallographic  microscope  with  polarized  vertical  illumination,  using  magnifications 
of  x  500  or  50. 


Both  microscopes  were  fitted  with  a  cross-hair  in  one  eye  piece.  The  specimens  were  mounted 
on  an  X-Y  stage  fitted  with  photo-electric  digital  micrometers  reading  to  0-001  mm,  and  the 
crack  depths  corresponding  to  the  applications  of  the  7  ■  5  g  load  were  accurately  measured  by 
traversing  the  specimens  under  the  microscope  objectives.  Whenever  possible  the  traverse  of 
the  fracture  surface  was  perpendicular  to  the  axis  of  the  hole. 

Because  of  the  substantial  overlapping  of  the  region  of  the  fracture  by  each  independent 
visualization  technique  about  80%  of  the  crack  depth  data  were  duplicated.  However,  measure¬ 
ments  obtained  using  the  metallographic  microscope  were  considered  to  be  the  most  accurate  at 
short  crack  depths  (  x  500)  and  large  crack  depths  ( x  50),  and  those  using  the  stereo  microscope 
the  most  accurate  at  intermediate  crack  depths.  Thus  the  crack  depth  versus  life  data  presented 
are  not  a  simple  average  of  the  measurements  obtained  by  the  different  techniques  but  represent 
the  actual  measurements  obtained  using  the  technique  considered  to  be  most  accurate  over  par¬ 
ticular  regions  of  the  fracture.  When  combined  together  they  provided  a  coherent  set  of  data 
covering  the  entire  line  of  traverse. 

As  a  check  on  the  validity  of  the  interpretation  of  the  individual  fracture  markings  on  each 
specimen  all  the  data  obtained  for  a  particular  fracture  using  the  three  independent  techniques 
were  combined  and  examined  on  the  basis  of  a  relationship  between  crack  depth  and  incremental 
crack  growth.  For  intermediate  and  large  crack  depths  (i.e.  for  greater  than  about  0-5  mm) 
this  relationship  was  found  to  be  approximately  linear.  On  the  relatively  rare  occasions  when 
individual  measurements  indicated  wide  departures  from  this  relationship  the  particular  data 
were  reassessed.  When  data  could  not  be  validated  by  independent  measurements  using  more 
than  one  technique  (about  20%  of  the  data),  the  validity  of  individual  measurements  in  such 
cases  were  assessed  by  the  individual  relationship  between  crack  depth  and  incremental  crack 
growth. 


TA3LE  II 


TABLE  11  [C 


Figures  in  parentheses  refer  to  propagation  lives. 


TYPE  I 


TYPE  If 


TYPE  III 


TYPE  IV 


_ I _ L 

10  100 

Exceedances  per  100  flights 


FATIGUE  TEST  SPECTRA 


100  FLIGHTS  (1989  CYCLES)  REPRESENT  66.6  HOURS  OF  FLYING 


FRENCH  100  FLIGHT  MIRAGE  HI  F LIGHT-BY-FLIGHT  SEQUENCE 


+7.5  to  -2.5  (Mean  2.5g) 


S/N  DIAGRAM  FOR  CONSTANT  -  AMPLITUDE  TESTS 


(c)  Specimen  GT2G,  7648  flights  spectrum  TYPE  I 


(d)  Specimen  GZ3C8,  8323  flights  spectrum  TYPE  I 
FIG.  5  (cont.)  FATIGUE  FRACTURE  SURFACES 


Crack  depth  (mm) 


6.5 


01  23456789  10  11 

Flights  (x  1000) 


FIG.  7(a)  FATIGUE  CRACK  GROWTH  FROM  8  mm  BOLT  HOLE  - 
SPECIMENS  WITH  2.5  mm  SLAN  RIVETS 


Crack  depth  (mm) 


6.5 


FIG.  7(b)  FATIGUE  CRACK  GROWTH  FROM  8  mm  BOLT  HOLE  - 
SPECIMENS  WITH  2.5  mm  SLAN  RIVETS 


) 


Crack  depth  (mm) 


FIG.  7(c)  FATIGUE  CRACK  GROWTH  FROM  8  mm  BOLT  HOLE  - 
SPECIMENS  WITH  2.5  mm  SLAN  RIVETS 


Crack  depth  (mm) 


Probability  of  attaining  specified  crack  depth 


FIG.  12(a)  PROBABILITY  DISTRIBUTION  OF  CRACK  DEPTHS  AT  DIFFERENT  LIVES 


Crack  depth  (mm) 


Crack  depth  (mm) 


Crack  depth  (mm) 


Flights  (x  1000) 


FIG.  11(a)  FATIGUE  CRACK  GROWTH -SPECIMENS  WITH  0.125  INCH 
SLAN  RIVETS,  SPECTRUM  TYPE  I,  MATERIAL  BATCH  GK 


FIG.  10(c)  FATIGUE  CRACK  GROWTH  FROM  8  mm  BOLT  HOLE  - 

SPECIMENS  WITH  0.125  INCH  SLAN  RIVETS,  SPECTRUM  TYPE  II 


Flights  (x  1000) 


FIG.  10(b)  FATIGUE  CRACK  GROWTH  FROM  8  mm  BOLT  HOLE  - 

SPECIMENS  WITH  0.125  INCH  SLAN  RIVETS,  SPECTRUM  TYPE  II 


Dll 


8  9 


0  1  2  3  4  5  6  7 

Flights  (x  1000) 


10  11 


FIG.  101a)  FATIGUE  CRACK  GROWTH  FROM  8  mm  BOLT  HOLE 

SPECIMENS  WITH  0.125  INCH  SLAN  RIVETS,  SPECTRUM  TYPE  II 


Crack  depth  (mm) 


Crack  depth  (mm) 


10.0 

8.0 

6.0 

5.0 

4.0 

3.0 

2.0 


1.0 

as 

0.6 

as 

0.4 

0.3 

0.2 


FIG.  9(c)  FATIGUE  CRACK  GROWTH  FROM  8  mm  BOLT  HCuE  - 

SPECIMENSWITH  0.125  INCH  SLAN  RIVETS,  SPECTRUM  TYPE  I 


Crack  depth  (mm) 


1 


Flights  (x  1000) 


FIG.  9(b)  FATIGUE  CRACK  GROWTH  FROM  8  mm  BOLT  HOLE  - 


SPECIMENS  WITH  0.125  INCH  SLAN  RIVETS,  SPECTRUM  TYPE  I 
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FIG.  9(a)  FATIGUE  CRACK  GROWTH  FROM  8  mm  BOLT  HOLE  - 

SPECIMENS  WITH  0.125  INCH  SLAN  RIVETS,  SPECTRUM  TYPE  I 
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FIG.  8(c)  FATIGUE  CRACK  GROWTH  FROM  8  mm  BOLT  HOLE  - 
SPECIMENS  WITH  3.0  mm  SLAN  RIVETS 
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FIG.  12(b)  PROBABILITY  DISTRIBUTION  OF  CRACK  DEPTHS  AT  DIFFERENT  LIVES 
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FIG.  13  LOG.  AVERAGE  LIVES  TO  AND  FROM  CRACKS  OF  SPECIFIED  DEPTHS 
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